Abstract Sexually selected, elongated tails in birds may impair or alter naturally selected functions related to flight.
Introduction
The elongated tails of numerous birds are a classic example of a sexually selected morphological trait (Andersson 1982 (Andersson , 1992 Petrie et al. 1991; Pryke and Andersson 2002) . Birds also use their tails to produce aerodynamic forces in flight (Gatesy and Dial 1993; Tobalske 2007; Usherwood et al. 2005) . Therefore, sexually selected modifications of tail morphology may impair or alter naturally selected functions related to flight.
Take, for example, high-speed forward flight, during which tail morphology has multiple influences on the drag generated by a bird's body. By studying a physical model of a Starling (Sternus vulgaris) in a wind tunnel, showed that a short tail streamlines the body, reducing drag. Similarly, Clark and Dudley (2009) showed that attaching the elongated tail-streamers from the Red-billed Streamertail (Trochilus polytmus) to the Anna's Hummingbird (Calypte anna) resulted in an increase in the metabolic costs of flight and a decrease in the top speed the birds could fly, apparently caused by increased drag. These experiments show that an elongated tail can impair high-speed, linear flight. In the rapid flight studied in these hummingbird experiments, the birds held the tail shut and did not appear to use it to actively modulate aerodynamic force production.
A flight context in which the tail appears to be used to actively modulate force production is maneuvering flight (Hedrick and Biewener 2007; . By spreading the tail widely to expose a relatively large surface area, birds generate aerodynamic forces (modeled by Thomas 1993) . Additionally, the mass of the rectrices causes the tail to have inertia. Together, aerodynamic forces and inertia will impart forces and torques that may influence the dynamics of maneuvers. Modified tail morphology may affect how birds maneuver by altering the forces that the tail produces.
It is unknown how forces generated by the tail may influence whole-animal maneuvering performance. This makes it difficult to use models of force production to predict how a maneuver would change with varying tail morphologies. An alternative approach to study how tail morphology influences flight is experimental manipulation of the tail of live birds, coupled with a measure of behavioral aspects of flight performance (Balmford et al. 2000; Clark and Dudley 2009; Evans et al. 1994; Rowe et al. 2001) . One commonly used assay is a maze of strings: a released bird flies through the maze, and the number of strings hit and the time required to fly through the maze are measured (Balmford et al. 2000; Evans et al. 1994; Matyjasiak et al. 2004 ). Alternately, Matyjasiak et al. (1999 Matyjasiak et al. ( , 2000 measured differences in foraging success of Sand Martins (Riparia riparia) as a function of different tail morphologies, and Evans and colleagues Rowe et al. 2001 ) filmed the curving flight of swallows approaching their nests. While these behavioral methods can at times link variation in tail morphology to performance with obvious fitness consequences, such as the ability to catch prey (Matyjasiak et al. 1999 (Matyjasiak et al. , 2000 , they do not address the functional connection between tail morphology and performance.
An intermediate between models (physical and mathematical) and behavioral analyses is the detailed analysis of one particular flight context in which the tail is thought to generate important forces. The aim of this study was to examine the detailed kinematics of an escape maneuver as a function of tail length. The Red-billed Streamertail of Jamaica was selected as the study species because females of this species have tails of a normal length whereas males have a pair of greatly elongated tail-streamers that are the longest tail feathers of any hummingbird (Clark 2010) , and because hummingbirds are an excellent system for the study of the mechanics of flight. An escape maneuver was selected because in other slow maneuvers, hummingbirds do not spread their tail, whereas they do spread it widely when startled. Moreover, escape maneuvers potentially approach the maximal flight performance that an individual is capable of attaining, whereas maneuvers performed without a startle stimulus may vary greatly according to the behavioral motivation of the individual.
There are a large number of kinematic variables that are potentially important to maneuvering flight. During a maneuver, the whole animal can translate the movement in three dimensions (X, Y, and Z), as well as rotate about the X (roll), Y (pitch), and Z (yaw) axes (Dudley 2002; Hedrick and Biewener 2007; Warrick et al. 2002) . A bird's ability to modulate these kinematic variables will be strongly influenced by its initial flight speed. Therefore, I elected to elicit startles from hovering birds (velocity = 0 ms -1 ). I hypothesized that, in slow maneuvers, the tail generates forces that help the bird to rotate and produce a curved trajectory. Because at low speeds, an elongated tail may increase inertia and possibly drag, I hypothesized that an elongated tail would result in lowered linear accelerations and angular speeds attained over the course of the maneuver. Moreover, because the forces produced by a short tail potentially assist the bird in maneuvering, I hypothesized that removal of the entire tail would reduce the angular speed and linear accelerations attained during the maneuver.
Methods

Experiment
The experiment was performed in the town of Section, Portland Parish, Jamaica (18°05.400 0 N, 076°41.940 0 W, approximately 1,000 m a.s.l.), in June-August of 2004 and 2005. Red-billed Streamertail (Trochilus polytmus) individuals were captured using mist nets during the annual molt. Birds that were missing any rectrices (tail-feathers) were not used for the study, but some individuals that were missing wing-feathers were included (none lost any additional wing feathers over the course of the experiment). After habituation to captivity, the birds were individually introduced into a 'flight arena' measuring 2.5 9 2.5 9 1.5 m (length 9 height 9 width; Fig. 1 ). One end of the arena was arrayed with several perches, and this end was also near a natural light source to which the streamertails were attracted. As a result, the birds spent most of their time perched at this end of the flight arena. At the opposite end of the arena, a single feeder was provided from which the birds obtained food (Fig. 1) . The feeder was suspended approximately 20 cm from the top of the arena. The sides of the arena were covered with plastic mesh (mesh size: 12 9 12 mm). The maneuver was filmed through this barrier. A white sheet was suspended from the top of the arena which constrained the area where the maneuver was filmed to 0.5 m in width (Fig. 1) .
The purpose of this experiment was to elicit behaviors from a hovering bird that were near to 'maximal' turning and linear accelerational performance. To elicit a turn of nominally 180°, the birds were startled as they hovered at or close to the feeder. Due to the shape of the arena, to escape, the birds had to turn around in order to linearly accelerate away from the feeder (Fig. 1) .
Multiple stimuli to elicit the maneuver were tested; the birds exhibited the strongest response to large objects that suddenly, rapidly accelerated directly towards them. Use of a mechanical scare in which the experimenter was out-of-sight did not work well because the birds tended to flee in a random direction. The startle stimulus that resulted in the most consistent and repeatable flight trajectories (both within and between birds) entailed the experimenter standing as still as possible, in plain sight, approximately 0.8 m behind the feeder, outside of the flight arena. This meant that as a bird approached the feeder, it could see a human standing near the feeder through the mesh wall of the arena. After a bird approached and hovered at the feeder, a bright red cloth (a handkerchief) was abruptly accelerated directly towards the bird. Effort was made to accelerate the cloth in as repeatable a fashion as possible, such that in all startles the cloth followed a similar trajectory. The cloth was not in danger of actually hitting the bird, for its rapid motion was arrested by the mesh side of the flight chamber. Because the birds tended to approach the feeder warily, it appeared that the visible presence of the human standing behind the feeder caused the birds establish a predetermined direction in which to escape.
After a few preliminary startles, the birds tended to approach the feeder with increased wariness. Over the course of the experiment, the birds were observed to ensure that they did not discontinue visiting the feeder altogether (which risked depriving the bird of food), damage their wing-feathers, or show signs of being unduly stressed (e.g, as indicated by clinging to the mesh of the walls of the arena, rather than using the provided perches). In the rare cases in which any of these events occurred, the experiment was terminated prematurely.
Manipulations
Four experimental manipulations of tail morphology were utilized (Fig. 2) . Males and females were put through complementary manipulations. The first treatment was nomanipulation: males retained their long tail, and females, a short tail. The second manipulation was the reverse of their respective natural tail-lengths: in males, the streamers were replaced with the fourth rectrices from a female, and females were given a pair of the elongated fourth rectrices from a male. In the third manipulation, which was a second control, the feathers from the second treatment were removed, and the individual's original tail-feathers were reattached, resulting in long-tailed males and short-tailed females. Finally, in the fourth treatment, all ten rectrices (but not the tail-coverts) were plucked.
To splice the feathers into the tail, a bird was restrained and the distal portions of the birds' fourth rectrices were cut at a point 10-20 mm from the base. An insect pin (diameter 0.10 or 0.15 mm, length 6 mm) was dipped in Fig. 1 The experimental setup for eliciting maneuvers from Redbilled Streamertail (Trochilus polytmus). a Flight arena (2.5 9 2.5 9 1.5 m, length 9 height 9 width). Perches were placed next to a natural light source at one end of the arena, and a feeder was placed in a 0.5-m-wide alcove at the other end of the arena. Two 500-W halogen lights (not shown) illuminated the feeder, and the space by the feeder was filmed with two high-speed cameras. One camera (Cam 1) obtained a side view, whereas the other camera (Cam 2) obtained a view from below through the use of a mirror (m). b As a bird hovered at the feeder (f), a startle stimulus was suddenly accelerated towards it, causing it to perform an escape maneuver in which it turned and flew towards the perches (dashed line). The coordinate system was arrayed such that the XY plane was horizontal, the Z-axis vertical, and the X-axis was parallel to the direction of the startle stimulus. c Two points, the rump (R) and the shoulder (S), were digitized on the birds over the course of the maneuver. The body vector was defined as the vector pointing from the rump to the shoulder, which was used to calculate the bird's pitch (Y), yaw (Z), and angular speed J Ornithol (2011) 152:397-408 399 glue (cyanoacrylate) and inserted approximately 3 mm into the hollow shaft of the feather to be attached, such that the remaining 3 mm of the pin remained exposed. This free end was also dipped in glue and then inserted into the hollow shaft of the bird's fourth tail feather. The newly attached feather was positioned such that its vane was aligned with that of the bird's original feather ( The birds were startled during some of their repeated visits to the feeder, and each bird was startled consecutive times until at least three maneuvers had been obtained for each experimental treatment. To facilitate the comparison of maneuvers that were similar, a set of objective criteria were used to eliminate abnormal trials from consideration. For example, trials in which the bird sharply ascended or descended (resulting in significant changes in gravitational potential energy) were not used, nor were trials in which the bird flew backwards (rather than turning) or those in which the bird collided with the feeder or another part of the flight arena. Trials in which the bird slowed down (linearly decelerated) before it had traveled out of view of the cameras were also discarded. For a given bird, the data were usually obtained over the course of a single day but occasionally over two consecutive days.
On occasion, hummingbirds simultaneously lose their entire tail (i.e., all 10 rectrices) during molt (Stiles 1995) or when attacked by predators (Spofford 1976) . Therefore, the manipulation of plucking all the tail-feathers falls within the natural range of variation of tail morphology naturally experienced by wild hummingbirds. Multiple subjects from these experiments were recaptured or observed in the wild to be behaving normally up to 3 weeks after release.
High-speed video analyses
The maneuvers were illuminated by two 500-W halogen lights (V-light; Lowel, Hauppauge, NY) and recorded by two synchronized high-speed cameras (Redlake MotionMeter, 292 9 210 pixel resolution; Eastman Kodak, Rochester, NY ) at 500 frames s -1 . One camera filmed a side view of the maneuver; the second camera obtained images from below, at 90°to the first camera, through use of a mirror directly below the feeder (Fig. 1a) .
The synchronized videos were digitized in the program Peak Motus ver. 8.4 (Vicon Motion Systems, Centennial, CO). Two points were digitized on bird silhouettes in the videos: (1) the shoulder (S), which was a point internal to the bird's surface, between the wing bases, on the animal's midline, and close to the center of mass (Fig. 1c) ; (2) the rump (R), which was a point on the bird's dorsal surface, on its midline, and at the base of the tail, where the rectrices and tail-coverts insert into the body (Fig. 1c) . Each point was digitized twice and averaged to reduce digitization error. External markers were not placed on the birds because both the birds' rotations and the wings inevitably occluded external markers for a significant period in all of the videos.
The object space for the trials was calibrated by digitizing the corners of a cube measuring 0.186 9 0.136 9 0.136 m, which filled approximately 30-50% of the image of each camera. Using a Direct Linear Transformation in the program Peak Motus ver. 8.4, three-dimensional (3D) objectspace was established for each trial. The coordinate system was arrayed so that the X-Y plane was horizontal and the Z-axis was vertical; the X-axis was oriented parallel to and away from the feeder and startle stimulus (Fig. 1b) .
Linear velocities and accelerations of the shoulder point (which was close to the center of mass) were calculated. The shoulder and rump points were digitized from the silhouette, and it was impossible to digitize a third point on the bird's body. Because only the bird's body axis (as defined by the vector between the rump and shoulder points; Fig. 1c ) was available, it was possible to calculate Euler angles corresponding to the body's pitch and yaw (Haslwanter 1995) , but not roll. Because roll was unavailable, it was not possible to measure the angular velocity from these angles (Haslwanter 1995) . Instead, a scalar index of the bird's angular speed was calculated at each instant in 1.
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Fig. 2 Experimental manipulations used in this study. The elongated tail-feathers of male streamertails are the fourth rectrices, which is the second-to-outermost tail feather. 1 No manipulation, 2 tail morphology was manipulated, in which the fourth rectrices of males were spliced onto females, and visa versa, 3 an individual's original rectrices were spliced back on as a second control, 4 all of the rectrices were removed, rendering an individual with no tail time by measuring the angular displacement of the bird's body angle relative to the instant (0.002 s) preceding it. A scalar index of angular acceleration was computed from the derivative of the angular speed. As these scalars exclude rotational contributions from the roll, these computed values will at times underestimate the magnitude of the bird's true angular velocity and acceleration. The linear and angular positions, velocities, and accelerations were calculated using a quintic spline in Peak Motus ver. 8.4. The parameter representing the error variance (Walker 1998; Woltring 1985) used to smooth the spline will affect the estimated accelerations, especially the angular accelerations. As the purpose of this study was to compare different experimental manipulations to each other, I used the same error variance for all trials across all birds. Peak Motus's default method tended to underestimate the error variance, as determined by digitizing an object known to be accelerating under the force of gravity. Consequently, I selected an appropriate error variance by varying this parameter over three orders of magnitude and examining the fit between the spline and the raw data, for three randomly selected trials. The value 0.00008 m 2 was selected because it resulted in the best average fit for the velocity data. Use of a different smoothing parameter would change the magnitude of the linear and angular accelerations that are presented here, but as it would affect all trials similarly, it appeared unlikely that a different smoothing parameter would affect the statistical results presented.
Kinematic variables
It was not possible to determine precisely when the bird began to react to the startle stimulus; therefore, the start of each maneuver (time = 0) was operationally defined as the instant in which the bird's linear velocity exceeded 0.20 m s -1 . Seven additional variables were obtained from the trials: (1) the time (after the start of the maneuver) it took the bird to travel 20 cm (resultant distance); (2) the magnitude of the bird's maximal resultant linear acceleration (a scalar); (3) the time (after the start of the maneuver) of the maximal linear acceleration; (4) the time at which the bird spread its tail (excluded in the no-tail treatment); (5) the time (after the start of the maneuver) that it took the bird to rotate through 120°in yaw; (6) the timing and (7) magnitude of the bird's maximal angular speed. Velocities and accelerations were not recorded from the final ten samples from a trace in order to avoid 'edge' effects of the spline.
Angular speed was log-transformed to achieve a normal distribution, and four variables (time to travel 20 cm, maximum linear acceleration, time taken to yaw 120°, and log maximum angular speed) were placed into a principal components analysis (PCA), without respect to bird identity or experimental manipulation. Based on the PCA, PC1 loaded strongly on the time to travel 20 cm and the time to yaw 120°, and weakly on the other two variables (Table 1) . PC2 loaded heavily on the bird's ability to accelerate (i.e., angular speed and linear acceleration). The purpose of this experiment was to measure the bird's 'maximal' performance, whereas multiple maneuvers had been obtained for each experimental treatment. Because PC2 was an overall index of the bird's ability to accelerate, the trial with the highest PC2 score for each bird 9 treatment combination was kept for statistical analysis, and the remaining trials were dropped from the analysis.
Each of the kinematic variables was individually analyzed using repeated measures analysis of variance (ANOVA), with experimental treatment as a factor, bird as the repeated measure, and sex as a cofactor. Because males and females underwent a different time-series of experimental treatments (Fig. 2) , two analyses were run. First, the four trials per bird were analyzed with respect to their temporal order, and without respect to the tail length. This was to test for time-dependent effects, such as effects caused by learning. Second, for each bird, the slower trial of treatments 1 and 3 was discarded (based on PC2), and the data were analyzed across the three tail-length treatments in a repeated measures ANOVA, with sex as a cofactor and a sex 9 treatment interaction term. The interaction term was included expressly to test whether there was a difference between males and females in their response to the experimental treatments. This could hypothetically occur, for example, if there were behavioral responses to tail manipulations of abnormal length, such as if females had lowered performance with a long tail, whereas males had lowered performance with a short tail.
Results
Description of the maneuver
Seven male and ten female Red-billed Streamertails were subjected to the experiments, although one male and two females did not complete all four treatments. Overall, the maneuvers had several features in common. The birds initially hovered stationary while facing the feeder (yaw = 0°), with a pitch angle of roughly 50°, and usually held the tail completely shut. Upon being startled, they immediately spread their tails widely in 100% of the trials (n = 52; no-tail trials excluded), while simultaneously initiating a rapid body rotation with bilaterally asymmetric wingbeat kinematics. The time at which their velocity reached 0.20 m s -1 was highly correlated with the time at which they spread their tail, with the birds spreading their tails on average 13.7 ± 0.17 ms before their velocity reached 0.20 m s -1 (n = 129 maneuvers). This appeared to be a reasonable operational definition of the start of the maneuver; the time of tail-spread itself could not be used because the tail was absent in the no-tail treatment.
Once the maneuver was initiated, the bulk of the rotation was completed within 0.1 s of the start of the maneuver. This rotation was accompanied with translation in the ?X direction directly away from the stimulus and often also translation in Y; trials with significant translation in Z were discarded. By the time they had translated 0.20 cm, the birds had linearly accelerated to 2.4 ± 0.35 m s -1 (n = 67 trials) in 0.17 ± 0.033 s after the 'start' of the maneuver. During this time, the tail was spread widely and was occasionally elevated or depressed relative to the body pitch angle.
Outside of these common features, the birds exhibited considerable variation in the exact kinematics used to perform the turn. A main aspect of this variation appeared to center on the relative role of pitch or yaw in the rotations of the birds, and there appeared to be continuous variation in the importance of pitch or yawing motions. I name the two extremes of this continuum as ''pitch-roll'' turns (the hyphen indicates the rotations are approximately sequential), and ''yaw/roll'' turns (in which the slash indicates the rotations about these axes are simultaneous). Two trials typifying the two extremes of the continuum are presented in Figs. 3 and 4 and explained below.
Pitch-roll turns
At one end of the continuum, the birds occasionally performed a 'pitch-roll' turn (Fig. 3) . A bird initiated the maneuver by first rotating purely in pitch, nose-up (tracings 1-4 in Fig. 3c ), until the shoulder point passed over the rump point (frame 3 in Fig. 3) , so that the yaw orientation instantaneously jumped from 0 to 180°(arrow in Fig. 3e) , and the bird was nominally upside-down (tracing 4 of Fig. 3c) . Second, the bird initiated a roll (tracings 4-8 of Fig. 3c ), until it was right-side up, while maintaining a yaw orientation of 180°. In an idealized form of this maneuver, the birds could restrict the motion to include solely pitch and roll, without rotation in yaw (Fig. 3e) . In reality, the yaw angle tended to vary with time in all of the observed trials, indicating that either the birds initiated the rolling rotation while continuing the pitching rotation, or because the bird did yaw as a part of the maneuver, or both. Because roll was not quantified, it was not possible to quantitatively distinguish between these possibilities.
Yaw/roll turns
At the other end of the continuum were 'yaw/roll' turns (Fig. 4) , which appear to be similar to the banked turns analyzed in previous studies of flying birds (Hedrick and Biewener 2007; Hedrick et al. 2009; ). To perform this type of maneuver, the birds simultaneously rolled and yawed to one side (tracings 2-9 of Fig. 4c) , resulting in smooth variation in the yaw angle through the course of the maneuver (Fig. 4e) . In contrast to pitch-roll turns, it may be possible for the pitch angle to vary little through the course of yaw/roll turns (compare Figs. 4e-3e), although towards the end of the turn, the pitch angle typically declined as the bird accelerated horizontally.
The escape maneuvers tended to fall in between these two extreme alternatives of 'pitch-roll' and 'yaw/roll' turns, and there appeared to be continuous variation between the two. Because roll was not quantified, it was also not possible to quantify each trial's location on this continuum. The point of outlining this continuum is to illustrate that, from one maneuver to the next, the individual changes in pitch and yaw could vary greatly, with the bird nevertheless attaining high linear and angular velocities and accelerations in the course of executing a 180°turn.
Linear motions
At the start of the maneuver, in addition to rotating, the birds simultaneously linearly accelerated, primarily in the X and Y axes (trials with significant motion in Z were not included in the analyses). The operationally defined start of the maneuver (speed [0.20 m s -1 ) is indicated with a gray line in Figs. 3d, e and 4d, e.
In pitch-roll turns, linear accelerations rose while the bird initiated the pitching motion (Fig. 3d) and then peaked during the rolling motion, when the bird was oriented away from the startle stimulus. Notably, acceleration in Y remained low throughout the maneuver. For example, note that in Fig. 3d , the trace depicting resultant speed almost completely occludes the line depicting X-velocity.
In yaw/roll turns, linear accelerations were initially low while the bird initiated the start of the rotation (Fig. 4d) . Y-acceleration initially rose faster than X-acceleration (Fig. 4d) , and the bird began translating in Y. As the yaw angle passed through 90° (Fig. 4e) , the X-acceleration rose. The bird continued to rotate, and X-acceleration continued to rise as the yaw angle passed 90°and approached 180°. As yaw approached 180°, the bird was both translating in ?X and ?Y. To avoid colliding with the wall of the arena, the bird began to negatively accelerate in Y, while positive X acceleration remained high. As a result, the maximum resultant linear acceleration in this type of maneuver tended to correspond to high positive X acceleration and high Y deceleration (Fig. 4d) . Re-stated, the maximal acceleration was often associated with a curved portion of the bird's trajectory, in which the bird's acceleration corresponded to both to increases in speed and also changes in direction. This is in direct contrast to pitch-roll turns, in which resultant linear accelerations corresponded almost perfectly to linear X acceleration (Fig. 3d) , meaning that Z components of motion (not shown) were small. The resultant velocity exceeded 0.2 m s -1 at time = 0.11 s (gray line), which was operationally defined as the start of the maneuver. The X velocity curve is almost entirely occluded by the resultant velocity. e Angular kinematics of the pitch-roll maneuver. Pitch and yaw have been calculated from the Euler angles of the body vector (see Fig. 1c ). Angular speed and acceleration are both scalar values calculated from the scalar, angular change in body orientation in pitch and yaw. Angular velocities and accelerations (i.e., vectors) could not be calculated because roll data were unavailable. The start of the maneuver is indicated. Arrow indicates the instant in which pitch & 90°, and yaw jumps from 0 to 180°. This occurs because the Euler convention has been used to define the body angles (Haslwanter 1995) and not because the bird has initiated a rotation in yaw (i.e., it has not begun to rotate about its own Z-axis) J Ornithol (2011) 152:397-408 403 the maximum acceleration corresponded primarily to changes in speed.
Notable differences between pitch-roll and yaw/roll turns
In addition to the differences in maximal linear acceleration just described, there were additional differences between the maneuvers depicted in Figs. 3 and 4 . In the pitch-roll turn (Fig. 3) , there are two somewhat distinct rotations: first a pitching motion, followed by a roll. In the yaw/roll turns, rolling and yawing movements appear to be synchronized, such that they are difficult to distinguish. In pitch-roll turns, it is possible for the bird to exhibit a little translation in either the Y or Z dimensions (Fig. 3a, b) while turning completely around. By contrast, yaw/roll turns are characterized by distinct translation in Y, in addition to translation in X (Fig. 4a, b) . Because the birds tracings one and two. During the maneuver the bird simultaneously yaws and rolls, which is especially evident in tracings 3-7. d Linear kinematics of the shoulder point during the yaw/roll maneuver, including X, Y, and resultant (R). Z components of motion (not shown) were small. The resultant velocity exceeded 0.2 m s -1 at time = 0.068 s (gray line), which was operationally defined as the start of the maneuver. e Angular kinematics of the yaw/roll maneuver. Pitch and yaw have been calculated from the Euler angles of the body vector, where the body vector is the line between the shoulder and rump points (Fig. 1c) . Angular speed and acceleration are both scalar values calculated from the scalar, angular change in body orientation in pitch and yaw. Angular velocities and accelerations (i.e., vectors) could not be calculated because roll data were unavailable. The start of the maneuver is indicated had a choice in how to perform the maneuver, these differences resulted in substantial variation between individual maneuvers.
Results of tail-length manipulations
The PCA of the maneuvers is presented in Table 1 . In the PCA, PC1 loaded highly on both the time taken to travel 20 cm and the time taken to yaw 120°, and little on maximum linear acceleration or log of maximum angular velocity. PC2 loaded highly on both maximum linear acceleration and log of maximum angular velocity. PC1 therefore was an index of how quickly the bird performed the maneuver, whereas PC2 represented a measure of the modulation of the linear and angular accelerations during the maneuver. Because the ability of a bird to muster linear accelerations (including the production of a curved trajectory) may be important components of a maneuver that could be affected by tail morphology, PC2 was used to select which trial represented a bird's 'maximal' performance.
Repeated measures ANOVAs of the maneuver variables with respect to the chronological order of the trials indicated that maximal linear acceleration exhibited significant variation between the chronological treatments (F 3,44 = 7.98, P = 0.0002). The individual treatment effects indicated that, of the four chronological treatments, the fourth treatment (which was also always the no-tail treatment) was significantly lower than the first, second, and third treatments (t = -3.35, P = 0.002), whereas the other three treatments were not significantly different (all t \ 1.56, P [ 0.12). Because there were no differences between the first three treatments, the statistical significance of the final treatment is interpreted as indicating that it is removal of the tail that reduces maximal linear acceleration, rather than it being due to a chronological effect. None of the other maneuver variables exhibited significant variation over the chronological order of treatments (all F \ 1.91, P [ 0.14).
The statistical analyses of the effects of tail length on the measured performance variables are presented in Table 2 . Of the variables considered, only the maximum linear acceleration varied with experimental treatment (repeated measures ANOVA, n = 51 measures over 18 birds, F 2,29 = 21.9, P \ 0.0001); none of the other variables varied with experimental treatment (all F \ 2.21, P [ 0.14). The statistical significance of maximum linear acceleration was driven by the significant difference between the short-tail treatment and the no-rectrices treatment (t = -4.26, P \ 0.001), whereas the difference between the short-tail treatment and the long-tail treatment was not significant (t = 0.67, P = 0.511). Moreover, there were no significant sex 9 treatment interactions for any of the variables (all F \ 2.28, P [ 0.120).
Because maximal linear acceleration was found to vary between experimental treatments, a post-hoc analysis of the maximal linear acceleration in X and Y was performed. A repeated measures ANOVA of the maximal X-acceleration indicated that the maximum X-acceleration was not significantly different between the experimental treatments (n = 51 measures over 18 birds, F 2,29 = 0.16, P = 0.85), whereas the maximum Y-accelerations were significantly different between treatments (F 2,29 = 4.22, P = 0.025). As indicated in Fig. 4 , maximum Y-acceleration was primarily associated with curving trajectories.
Discussion
The tail's role during maneuvers Overall, the maneuvers performed by male and female Red-billed Streamertails were sufficient to rotate and rapidly propel the birds away from the startling stimulus. Because the tail (when present) was always widely spread at the onset of the maneuver, the kinematics suggest that the tail produced aerodynamic forces during the maneuver. This is supported by the finding that the bird's maximal linear accelerations were significantly reduced when the tail was removed. The point of maximal linear acceleration often coincided with the production of centripetal accelerations associated with a curving trajectory (i.e., changes in direction), suggesting that it was the ability to produce centripetal acceleration that was specifically reduced in tail-less birds. Consistent with this, the post-hoc analysis detected treatment differences in maximal Y-acceleration and not X-acceleration. In this experiment, high Y decelerations occurred late in the yaw/roll turns (Fig. 4d) , as the birds adjusted their trajectory to avoid colliding with the side of the flight arena. Therefore, it would appear that removing the tail from the Red-billed Streamertail decreased either the tendency or ability of the birds to change direction (i.e., produce a curved trajectory).
This reduction in maximal acceleration could be due to two effects. The birds may have adjusted the type of rotation performed to accommodate the absent tail, for example by shifting from tending to use yaw/roll turns, towards pitch-roll turns. This possibility does not seem to be wellsupported by the data, however; none of the other kinematic variables (such as angular speed) were statistically significantly different between the no-tail trails and the other trials, and a clear shift in the style of maneuver performed was not clearly evident in visual inspection of the videos.
The second possible explanation for the reduction in the maximal linear acceleration is that the birds utilized the widely spread tail to generate forces (aerodynamic and/or inertial) during the maneuver, and thus the bird's flight performance was altered when missing the tail. Aerodynamic forces and torques produced by it could serve two functions. First, torques generated by the tail could serve to control pitching and/or yawing motions of the body. According to this hypothesis, when missing the tail, the bird would need to sacrifice some thrust from the wings to instead produce a functionally equivalent torque (if it did not do so, presumably it would lose control of flight). Second, the tail may simply function as an additional lifting surface, elevating the total average aerodynamic force the bird can produce (Thomas 1993) . In the absence of a tail, the total aerodynamic force generated by the bird would be reduced.
Inspection of the high-speed videos tentatively suggested that the tail served to control pitching and/or yawing motions in the low-speed maneuvers investigated here. This is because the flight speed was low, which may preclude large aerodynamic forces generated by the tail. Also, in a small fraction (\5%) of trials, the birds appeared to be unstable in pitch and/or yaw, as evidenced by strong oscillations in body pitch or yaw. A potential topic of future empirical research would be further investigation of these two potential functions of tail-generated forces.
Effects of a long tail on maneuvers
Whereas removing the entire tail resulted in a decrease in the maximum linear acceleration attained by the birds, no statistically significant differences between maneuvers with a short or long tail were detected. This suggests that the greatly elongated tail-streamers of the Red-billed Streamertail do not impose a significant flight cost to birds performing a lowspeed maneuver. This result differs from those of previous studies that have documented statistically significant differences in the flight of birds with different tail morphologies, including the Barn Swallow and martins (Matyjasiak et al. 2004; Rowe et al. 2001) , cisticolas (Balmford et al. 2000) , and the Red-billed Streamertail (Evans et al. 1994) . One major difference between this study and these previous experiments is that the hummingbirds here were performing a low-speed maneuver (flying well under 4 m s -1 ), whereas in all of these previous studies, the birds flew at moderately high speeds, either through a maze (Evans et al. 1994) , while approaching the nest (Park et al. 2000) , or while foraging (Matyjasiak et al. 2004) .
Aerodynamic forces scale as velocity squared (Norberg 1990) , thus the forces developed by the tail will vary substantially with airspeed. Therefore, drag from the streamers may have been negligible, whereas this is not the case at high speeds (Clark and Dudley 2009 ). Consequently, elongated tail morphology may have relatively little influence on aerodynamic force production at low speeds.
Another possible effect on flight is the tail's contribution to the bird's inertia. I hypothesized that an elongated tail would reduce the magnitude of angular accelerations necessary to produce body rotation. However, there are three possible reasons why no effects of an elongated tail morphology on body rotations were detected. First, the measures of angular speed and acceleration presented here do not include contributions from roll, and it is possible that real differences in roll between the experimental treatments went Degrees of freedom are given in parentheses ANOVA analysis of variance a For maximum linear acceleration, the no-tail treatment (which was also always the last treatment) was significantly different from the short-tail and long-tail treatments (t = -4.26, P = 0.001), whereas short-tail and long-tail treatments were not significantly different (t = 0.67, P = 0.511) b PC2 was marginally statistically significant across experimental treatments (P = 0.056); this result was driven by the no-tail treatment (t = -2.29, P = 0.030) and not by differences between the long-tail and short-tail treatments (t = -0.11, P = 0.92). Notably, PC2 loaded highly on maximum linear acceleration (Table 1) * F values are statistically significant using a Bonferroni-corrected P value of 0.006 un-measured. Second, the birds studied here exhibited high variability in maximal angular accelerations [6.2 ± 3.0 9 10 5°s-2 (n ± standard deviation); compare Fig. 3e with Fig. 4e ], such that detecting statistically significant effects of tail morphology would necessitate either large sample sizes or pronounced experimental effects. Third, there are reasons to think that the effects of tail morphology on inertia would be subtle. For simplicity, previous estimates of the inertia by the tail have treated the tail as a stiff plate (Evans and Thomas 1992) . However, the kinematics of the tail-streamers during the maneuver (Fig. 4) show that the streamers are extremely flexible and bend dynamically during the maneuvers. This bending may be widespread in long-tailed taxa, for it is qualitatively similar to the bending of Barn Swallow tailstreamers observed by Norberg (1994) , and it would appear to decrease the effective moment of inertia; in this study, as a bird began to rotate, its streamers would bend, rather than imparting a large moment arm on the rotation. It seems likely that this effect reduces the effects a long tail may have on body rotations.
It is possible that small changes in flight performance present between the long-and short-tail treatments were rendered undetectable by the variation present in the kinematics of the maneuver. Flying organisms have six degrees of freedom of movement (three translational and three rotational; Dudley 2000) and can utilize multiple combinations of these degrees of freedom in the course of maneuvering. The maneuvers studied here were not stereotyped, as illustrated by the extremes depicted in Figs. 3 and 4 . When rotating, the birds could incorporate either pitch, or alternately, yaw, without significant incorporation of the other type of rotation. This high degree of potential variation in kinematics would appear to benefit an animal performing an escape maneuver. For example, if an escape maneuver were stereotyped, it may be possible for predators or conspecifics to anticipate the target individual's trajectory, thereby impairing its utility as an escape tactic. Despite this variation, the experiment performed here produced significant differences between the maneuvers performed with and without a tail. Therefore, it would appear that if the tailstreamers impair flight, it is to a relatively small degree. 
Zusammenfassung
